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Abstract 
Laterally extensive sheets of low permeability or impermeable rocks embedded within a sandstone reservoir can have a huge 
impact on the vertical flow of hydrocarbons within the reservoir and associated hydrocarbon recovery factors. In recent years it 
has been a common practice to replace shale layers in geological models by transmissibility multipliers in production 
simulation models. However, the values of these transmissibility multipliers have previously been decided by adjusting them 
until a history match with the production data has been achieved, without establishing whether or not the values used are 
geologically realistic. A problem with this approach is that history matches are invariably non-unique, and so adjusting the 
transmissibility multipliers to achieve a history match might compensate for problems in the production simulation model that 
are not necessarily related to the shale layers. Therefore, in effect, the shale layers are made ‘scapegoats’ to compensate for the 
inadequacies in the simulation models. 
 The Skrugard reservoir, located in the Bjørnøyrenna fault complex of the Barents Sea, contains heterogeneous and 
non-extensive internal shales. This paper presents a study conducted on a sector of the Skrugard reservoir to investigate how 
changing various physical parameters would affect the transmissibility multipliers for the grid cell connections that would 
replace the shale layers in the production simulation models of the Skrugard reservoir. The physical parameters investigated 
include the permeability, thickness, lateral extent and continuity of the shale layers, the producer(s)/injector(s) orientation with 
respect to the shale layers, the fluid flowing across the shale layers (water, oil, gas or three-phase flow), the strike and dip of 
the shale layers, and the throw, density and orientation of the sub-seismic faults. 
 The objective of the study is to develop a workflow for the calculation of geologically realistic multipliers to the 
vertical transmissibility to replace each of the shale layers in the simulation models. The main finding of the study is that in 
decreasing order of importance, the transmissibility multiplier versus shale permeability relationships are most sensitive to the 
continuity of the shale layer, the lateral extent of the shale layer, the thickness of the shale layer, and the sub-seismic fault 
density within the shale. 
 
Introduction 
The Johan Castberg Field consists of the Skrugard and Havis structures. It is located in the Bjørnøyrenna fault complex, at the 
Loppa High (LH) on the Bjarmeland Platform (BP). This sits on the south western corner of the Barents Sea (Figure 1).   
The reservoir belongs to the Stø, Nordmela, Tubåen and Fruholmen formations, which are all part of the Kapp 
Toscana Group deposited in the Middle Jurassic to Late Triassic. It is represented by a thick sequence of sandstones, 
claystones, siltstones and coals. The depositional environment varies from off shore and shore face in the Stø formation, to 
marginal marine in the Nordmela formation, followed by stacked channels in the Tubåen formation, and then isolated channels 
in the Fruholmen. Both structures dip towards the east, and the western flanks are eroded. The dominant structural element is 
extensional faults.  The aquifer extends down to the east flank, and there are bounded faults (Appendix B: Geology). 
 
Reservoir Description and Properties 
  The main reservoir formations are separated by flooding surfaces which have left continuous shale layers that are up 
to 4 m thick and have close to zero permeability. These shale layers are to be represented in the dynamic models by vertical 
transmissibility multipliers. In addition there are internal shales in each zone. The Stø formation reservoir quality is generally 
good to excellent. The reservoir architecture is sheet-like and continuous, but divided into subzones by shale layers at flooding 
surfaces. The thickness of the shales varies between 0.5 and 1 m. The shale layers can be correlated between the exploration 
and appraisal wells, and are therefore believed to be generally continuous. These shale layers are represented in the models by 
non-zero vertical transmissibility multipliers. The Nordmela formation is more heterogeneous with non-extensive internal 
shales. The properties, including shales, are accounted for by facies modeling. The Tubåen formation consists of stacked 
channels with very good reservoir quality, but is separated into three sub-zones by extensive shale layers of near-zero 
permeability. These are accounted for in the dynamic model by expectedly very low, non-zero vertical transmissibility 
multipliers. Finally, the Fruholmen formation is composed of isolated channels, and is not included in the base-case reserves. 
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Figure 1: Skrugard and Havis reservoirs and discovery wells. 
 
 
Shale layers, like those present in the Skrugard reservoir, have a significant impact on the vertical flow of fluids and 
the associated hydrocarbon recoveries within petroleum reservoirs (Appendix C: Rock and Fluid Properties). The effects of 
the presence of shale layers, in a sandstone reservoir, are conventionally incorporated in production simulation models using 
vertical transmissibility multipliers. Lia et al. (1997) found fault transmissility to present by far the greatest uncertainty in the 
reserve estimation for the Veslefrikk Field in the Norwegian South Sea. This uncertainty is due to the lack of a method for 
calculating transmissibilities. 
Shale permeability and thickness, just like fault permeability and thickness, are physically observable properties, 
whilst transmissibility multipliers are numerical devices used in lieu of these properties. As the permeability and thickness of 
shale layers can be estimated, albeit imprecisely, it seems sensible that these estimates be used to determine the vertical 
transmissibility multipliers based on the static geological models. Historically, the vertical transmissibility multipliers, on the 
grid blocks adjacent to the shale layer, have been adjusted until a history match with the production data has been achieved, 
ignoring the fact that history matches are invariably non-unique. Adjusting the transmissibility multipliers in this manner can, 
in effect, compensate for other problems in the production simulation models.  
This paper discusses a methodology applied on a sector of the Skrugard reservoir to calculate the vertical 
transmissibility multipliers for the grid cells adjacent to the shale layers, to be included into the production simulation models. 
However, dynamic production data, where available, provides the only firm indication on the behavior of a shale layer during 
production; therefore it should be employed as the prime data for tuning the transmissibility multipliers assigned to the 
particular shale layers. 
 
Objectives 
The objective of this study is to develop a workflow for the calculation of vertical transmissibility multipliers for 
production simulation models that would replace the shale layers present in the Stø, Nordmela and Tubåen formations in their 
geological models. This is achieved by constructing conceptual box-type simulation models for the Skrugard reservoir, 
creating different implementations of the restrictions to vertical flow, and establishing the effect of each implementation on the 
vertical transmissibility multipliers, and hence fluid flow and hydrocarbon recovery. The study benefits from a detailed 
analysis on the relationship of vertical transmissibility multipliers to the permeability, thickness, lateral extent and continuity 
of the shale layers, the producer(s)/injector(s) orientation with respect to the shale layers, the fluid flowing across the shale 
layers (water, oil, gas or three-phase flow), the strike and dip of the shale layers, and the throw, density and orientation of the 
sub-seismic faults. 
 
 
 
 
  
Skrugard 
Havis 
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Literature Review 
The impact of geological heterogeneities on fluid flow has been analysed by Pérez et al. (1991), where the objective was to 
evaluate how reservoir performance is affected by either the explicit modeling of geological heterogeneities or its ignorance. 
Stochastic modeling was performed for geological attributes, reservoir properties, and reservoir performance parameters. A 
vital conclusion of the study was that in the presence of heterogeneous porous media, such as shale streaks, flow is primarily 
controlled by the high permeability contrast between the different flow units. It was found that the spatial variability of flow 
properties within each flow unit is not critical. 
 In a stochastic sub-seismic fault modeling study, Damsleth and Sanglot (1998) found that the cumulative oil 
production is affected significantly by the number of sub-seismic faults and their transmissibility, with variability changing 
dramatically with variation in transmissibility across the faults. It was also found that the distribution of fault orientation 
(strike) has no effect on the results. 
 Manzocchi et al. (1999) used a predictive method to calculate fault zone transmissibility multipliers, and concluded 
that flow through a heterogeneous fault can be approximated as a function of the harmonic average of the fault zone thickness 
and the arithmetic average of the fault zone permeability. It was also found that the analytical determination overestimates 
fault transmissibility at higher fault transmissibilities and higher fault heterogeneities. Fisher (2005) added to the conclusions 
of Manzocchi, suggesting that faults appear to be more transmissive in the aquifer than above the petroleum-water contact. 
Later, Fisher (2007) also concluded that the effective gas permeability in fault rocks can be over two orders of magnitude 
lower than undeformed sandstones, even when the fault rock is at irreducible water saturation. 
 Soleng et al. (2007) compared the flow simulation results (water cut, oil production, and gas-oil ratio) in a fault facies 
model with a model using the conventional fault representation. The fault facies model was developed using a simple diagonal 
tensor 1-phase permeability upscaling algorithm. It was found that the water-cut and gas-oil ratio were significantly different 
between the fault facies model and the conventional model, not only in breakthrough times, but also in the shape of the curves. 
 Uguru et al. (2011) analysed specific examples to understand the potential impact of thin shale streaks on fluid flow 
and hydrocarbon recovery.  Through the use of permeability prediction using genetic unit averages of flow zone indicators 
(FZIs) and neural networks, it was found that there is a significant amount of bypassed hydrocarbon due to the presence of thin 
shale streaks, and due consideration should be given to the kv/kh ratios across the proposed perforations to optimize 
hydrocarbon recovery (Appendix A: Critical Literature Review)  
 
Flow Simulation Methodology 
The study was conducted on different sectors of the Skrugard reservoir to investigate how changing various physical 
parameters would affect the vertical transmissibility multipliers (TM) for the grid cell connections that would be used to 
replace the shale layers in the production simulation models of the Skrugard reservoir. This study was completed in stages, 
with the first stage being the identification of all the physical parameters that could have a potential impact on the 
transmissibility multipliers replacing the shale layers, and hence on the production and hydrocarbon recovery factors of the 
Skrugard reservoir. The physical parameters identified were as follows: 
 The permeability, thickness and lateral continuity of the shale layers.  
 The producer(s)/injector(s) orientation with respect to the shale layers.  
 The fluid flowing across the shale layers, i.e. water, oil, gas or three-phase flow.  
 The strike and dip of the shale layers.  
 The throw, density and orientation of the sub-seismic faults. 
 
The second stage of the study was to construct 3D conceptual 
box-type simulation models with the same fluid properties, relative 
permeabilities, rock properties and reservoir conditions as those of 
the base case simulation model for the Skrugard reservoir. The 
models constructed were block-centered and had 50 × 50 × 51 grid 
cells, with the total number of grid cells being 127,500 (Figure 2). 
With 51 active layers, layer 20 in each model represented the shale 
layer, either completely or partially as discussed in the following 
cases. Apart from the shale layer each grid cell had the dimensions 
of 20m × 20m × 5m. The overall model size was 1km × 1km 
laterally and about 250 meters vertically (depending on the thickness 
of the shale layer, as discussed in the following cases). A kv/kh of 0.1 
was used for the entire model. 
 
 
 
 
 
1km 
1km 
≈ 251m 
Figure 2: Block-centered flow simulation model 
used for the OPH (Oil Producer High) scenario with 
all three fluids in place: water, oil and gas. 
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 Eight simulation models (Model Set 1), with the fore mentioned model characteristics, were constructed for each of 
the following scenarios: 
 Oil Producer High (OPH) scenarios 
1.1 Producer above and water injector below the shale layer, with water as the only fluid in place in the entire model. 
1.2 Producer above and oil injector below the shale layer, with oil as the only fluid in place in the entire model. 
1.3 Producer above and gas injector below the shale layer, with gas as the only fluid in place in the entire model. 
1.4 Producer above, gas injector above, and water injector below shale layer, with all three fluids (water, oil and gas) as 
the fluids in place in the model. 
Oil Producer Low (OPL) scenarios 
1.5 Producer below and water injector below shale layer, with water as the only fluid in place in the entire model. 
1.6 Producer below and oil injector below shale layer, with oil as the only fluid in place in the entire model. 
1.7 Producer below and gas injector below shale layer, with gas as the only fluid in place in the entire model. 
1.8 Producer below, gas injector above, and water injector below shale layer, with all three fluids (water, oil and gas) as 
the fluids in place in the model. 
 
A similar set of eight more models (Model Set 2: models 2.1 through 2.8) was constructed for each of the above 
mentioned scenarios, this time replacing layer 20, representing the shale layer in the above models, by a sand layer and a 
multiplier to the vertical transmissibility applied to all the grid cell connections between layer 20 and layer 19. Thus, in the 
second set of models the vertical transmissibility multiplier entirely replaced the shale layer included in the first set of models. 
Flow simulations were then performed on all the sixteen models using the ECLIPSE 100 Blackoil Reservoir Simulator. 
The objective, in each of the above mentioned scenarios, was to compare the pressure drop across layer 20 in the 
model including the shale layer, with the model including the vertical transmissibility multiplier instead of the shale layer, to 
compute the vertical transmissibility multiplier required to entirely replace the shale layer of a particular permeability. This 
was achieved by varying the x-permeability of the shale layer for each scenario from 0.00002 mD to 2 mD, and by varying the 
corresponding vertical transmissibility multiplier from 0.000001 to 1. The resulting pressure drops across layer 20 were then 
compared for both the models (in each scenario) to develop a correlation between the shale layer permeability and the vertical 
transmissibility multiplier required to replace the shale layer. 
 
Case 1: Extended Shale Layer of 1m Thickness 
 For Case 1, the cell dimensions for layer 20 in Model Sets 1 and 2 were 20m × 20m × 1m. The objective of flow 
simulations in this case was to establish the relationship between the permeability of a 1m thick shale layer, extending laterally 
throughout Model Set 1, and the vertical transmissibility multiplier that would create the same amount of pressure drop across 
layer 20 in Model Set 2, and hence replace the shale barrier in the final reservoir simulation models. To measure the pressure 
drops across layer 20, blocks (25, 25, 19) and (25, 25, 21) were used in both the model sets (Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The target liquid production rate, for wells OPL (horizontal producer below layer 20) and OPH (horizontal producer 
above layer 20), was set at 5000 sm
3
/day, and the target gas production rate was set at 500,000 sm
3
/day. The injection rate for 
the water and oil injectors was set at a voidage replacement factor of 1.0, and the injection rate for the gas injectors was set 
equal to the gas production rate with a reinjection factor of 1.0. All injector wells were placed vertically and below layer 20. 
 
Results and Discussion for Case 1 
 The flow simulation results for the OPH (Oil Producer High; Well OPH: Open, Well OPL: Shut) and OPL (Oil 
Producer Low; Well OPH: Shut, Well OPL: Open) scenarios of water, oil, gas and all fluids are shown in Table 1 and Figure 
4. ΔP is defined as: Pressure in block (25, 25, 21) – Pressure in block (25, 25, 19) at the end of a three year simulation period. 
 
 
Sand; kx = 1000 mD 
Shale; kx = 0.00002 to 2.0 mD 
Vertical TM; TM = 0.000001 to 1.0 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
1m 
X = 1 X = 50 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
1m 
X = 1 X = 50 
Figure 3: Schematics of Model Set 1 (Left) and Model Set 2 (Right) used in Case 1 to establish the effect of shale permeability on 
the vertical transmissibility multipliers. 
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Layer 19 
Layer 21 
Layer 19 
Layer 21 
ΔPS2 
ΔPS1 
ΔPTM2 
ΔPTM1 
Shale kx 
(mD) 
Water - OPH Oil - OPH Gas - OPH All - OPH 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 66.83 0.000000 757.31 0.000000 40.58 0.000000 259.60 0.000000 
0.0002 66.72 0.000000 747.84 0.000000 40.57 0.000000 238.25 0.000000 
0.002 65.90 0.000003 597.98 0.000006 18.56 0.000001 140.81 0.000002 
0.02 41.05 0.000040 164.62 0.000050 0.63 0.000050 22.05 0.000022 
0.2 6.61 0.000635 25.12 0.000600 0.15 0.000625 5.08 0.000107 
0.5 4.19 0.001500 15.81 0.001500 0.12 0.001300 3.17 0.000203 
1.0 3.27 0.003000 12.48 0.002900 0.11 0.002300 2.33 0.000360 
1.5 2.88 0.004400 11.07 0.004100 0.10 0.003850 1.98 0.000500 
2.0 2.64 0.006000 10.18 0.005930 0.10 0.005000 1.77 0.000620 
Shale kx 
(mD) 
Water - OPL Oil - OPL Gas - OPL All - OPL 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 -0.8631 0.000000 -8.0918 0.000000 0.0559 0.000000 -12.5423 0.000000 
0.0002 -0.8356 0.000000 -8.0848 0.000000 0.0565 0.000000 -12.5444 0.000000 
0.002 -0.8326 0.000010 -8.0811 0.000000 0.0574 0.000001 -12.4698 0.000000 
0.02 -0.8282 0.000050 -7.9377 0.000100 0.0579 0.000100 -6.7852 0.000003 
0.2 -0.8041 0.000700 -7.8143 0.000710 0.0582 0.000800 -2.7531 0.000019 
0.5 -0.7617 0.001200 -7.5776 0.001300 0.0586 0.001200 -1.9475 0.000039 
1.0 -0.7003 0.002100 -7.2323 0.002200 0.0593 0.002300 -1.4847 0.000070 
1.5 -0.6483 0.003100 -6.9220 0.003300 0.0598 0.004000 -1.2619 0.000120 
2.0 -0.6030 0.004900 -6.6449 0.005000 0.0603 0.005000 -1.1017 0.000450 
 
Table 1: Flow simulation results for the OPH and OPL scenarios of Case 1 with water, oil, gas and all 
fluids contained within Model Sets 1 and 2; TM stands for Transmissibility Multiplier. 
 
 
The TM-k relationships, for oil and water are very 
similar throughout the range of shale permeabilities owing 
to their similar viscosities. The TM-k relationship for gas, 
however, is considerably different from the TM-k 
relationships of oil and water due to the stark viscosity 
contrast. The vertical transmissibility multipliers for gas 
are lower than those for oil and water in the OPH case, 
explainable by Darcy’s Law. The volumetric flow rate per 
unit area, qs, across a shale layer of thickness ts, and 
permeability ks, is given by the Darcy Law: 
 
ΔPS =
−qs µ ts
ks
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In most cases, within the range of shale permeabilities and vertical transmissibility multipliers used for the flow 
simulations, ΔPTM1 is very small compared to the other three cell boundary pressure drops shown in Figure 5. However, when 
gas, which has a much lower viscosity than oil and water, is flowing across the shale layer, ΔPS is greatly reduced, according 
to Equation (1). ΔPTM1, which has the effect of reducing the computed TMs when ΔPTM and ΔPS are correlated in the OPH 
case, does not change significantly. Therefore, the computed TMs for the OPH scenario, when gas is flowing across the shale 
layer, are considerably lower than those computed for the OPH scenarios with oil and water flowing across the shale layer. 
The TMs for the OPH and OPL scenarios of oil and water are very similar for shale permeabilities below 0.3 mD. 
However, the TMs for the OPH scenarios of oil and water are significantly higher than the TMs for the corresponding OPL 
scenarios above shale permeabilities of 0.3 mD. This is because in the OPL scenarios of oil, water, and all fluids, the fluid flow 
Layer 20 Layer 20 
Sand 
Shale 
Vertical TM 
ΔPS = ΔPS1 + ΔPS2 ΔPTM = ΔPTM1 + ΔPTM2 
0.000
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.0 0.5 1.0 1.5 2.0
T
M
 
Shale Layer kx (mD) 
  Water-OPH
  Oil-OPH
  Gas-OPH
  All-OPH
  Water-OPL
  Oil-OPL
  Gas-OPL
  All-OPL
Figure 4: Transmissibility Multiplier – Permeability (TM-k) 
relationship plots derived for Case 1 with water, oil, gas and all 
fluids contained in Model Sets 1 and 2. 
Figure 5: Pressure drops across grid cell boundaries that impact the computation of vertical transmissibility 
multipliers in Model Set 2 (Right) from shale permeabilities in Model Set 1 (Left). 
(1) 
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direction is opposite to the fluid flow direction in the corresponding OPH scenarios, as indicated by the negative ΔP values in 
Table 1. Also, the magnitude of the ΔP values in the OPL scenarios is much smaller compared to the magnitude of the ΔP 
values in the OPH scenarios. Therefore, the effect of ΔPTM1 becomes more pronounced, and the computed TMs for the OPL 
scenarios of oil, water, and all fluids, are much lower than the computed TMs for the corresponding OPH scenarios. 
The TMs for the OPH and OPL scenarios of gas are very similar. This is because with respect to the fluid flow 
direction across the shale layer, the OPL scenario of gas acts similar to the OPH scenario of gas (as indicated by the positive 
ΔP for both the cases in Table 1). Although the magnitude of the ΔP values for the OPL scenario of gas is much smaller 
compared to the magnitude of the ΔP values for the OPH scenario of gas, the low viscosity effect of gas, as mentioned earlier, 
is more pronounced, resulting in a similar TM-k relationship for the OPH and OPL scenarios of gas. 
 
Case 2: Extended Shale Layer of 4m Thickness 
For Case 2, the cell dimensions for layer 20 in Model Sets 1 and 2 were 20m × 20m × 4m (Figure 6). The primary 
objective of flow simulations in this case was to establish the relationship between the permeability of a 4m thick shale layer, 
extending laterally throughout Model Set 1, and the vertical transmissibility multiplier that would create the same amount of 
pressure drop across layer 20 in Model Set 2, and hence replace the shale barrier in the final reservoir simulation models. The 
secondary objective was to study the effect of the thickness of the shale barriers on the TM-k relationships previously derived 
for the 1m thick shale layers. To measure the pressure drops across layer 20, blocks (25, 25, 19) and (25, 25, 21) were used in 
both the model sets, and the pressures were measured at the end of a three year simulation period. The target liquid and gas 
production rates, and the target liquid as gas injection rates used were the same as those used for Case 1. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Results and Discussion for Case 2 
 The flow simulation results for the OPH and OPL scenarios of water, oil, and gas are shown in Table 2 and Figure 7. 
The simulation results for the OPH and OPL scenarios of all fluids are shown in ‘Appendix D: Transmissibility-
Permeability Tables and Plots’. ΔP is defined as: Pressure in block (25, 25, 21) – Pressure in block (25, 25, 19) at the end of 
a three year simulation period. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2: Flow simulation results for the OPH and OPL scenarios of Case 2 with water, oil and gas 
contained within Model Sets 1 and 2. 
 
Shale kx 
(mD) 
Water - OPH Oil - OPH Gas - OPH 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 67.22 0.000000 759.43 0.000000 41.14 0.000000 
0.0002 67.16 0.000000 752.10 0.000000 41.14 0.000000 
0.002 66.96 0.000000 729.09 0.000001 32.81 0.000000 
0.02 64.48 0.000012 445.76 0.000019 2.25 0.000020 
0.2 18.46 0.000275 67.36 0.000250 0.32 0.000230 
0.5 9.26 0.000600 33.12 0.000600 0.21 0.000600 
1.0 6.19 0.001100 21.91 0.001100 0.17 0.001080 
1.5 5.07 0.001730 18.05 0.001700 0.16 0.001500 
2.0 4.49 0.002250 15.95 0.002200 0.16 0.002000 
Shale kx 
(mD) 
Water - OPL Oil - OPL Gas - OPL 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 -0.5518 0.000000 -7.8714 0.000000 0.09389 0.000000 
0.0002 -0.5336 0.000000 -7.8507 0.000000 0.09386 0.000000 
0.002 -0.5094 0.000000 -7.8489 0.000000 0.09425 0.000001 
0.02 -0.5096 0.000011 -7.7041 0.000010 0.09523 0.00001 
0.2 -0.5025 0.000110 -7.6996 0.000100 0.09541 0.000400 
0.5 -0.5092 0.000610 -7.6370 0.000600 0.09547 0.000850 
1.0 -0.5493 0.001010 -7.5357 0.001100 0.09566 0.001200 
1.5 -0.4580 0.001430 -7.4322 0.001500 0.09583 0.001800 
2.0 -0.5845 0.001850 -7.3384 0.001900 0.09604 0.002100 
Sand; kx = 1000 mD 
Shale; kx = 0.00002 to 2.0 mD 
Vertical TM; TM = 0.000001 to 1.0 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
4m 
X = 1 X = 50 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
4m 
X = 1 X = 50 
Figure 6: Schematics of Model Set 1 (Left) and Model Set 2 (Right) used in Case 2 to establish the effect of shale layer 
thickness on the TM-k relationships derived in Case 1. 
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Figure 7: TM-k plots for Case 2 of: (a) the OPH scenarios with water, oil and gas as the fluids in place, and (b) the OPL scenarios with 
water, oil and gas as the fluids in place. 
 
As expected, the vertical transmissibility multipliers corresponding to the 4m thick shale layer are significantly lower 
than those of the 1m thick shale layer. This is because as the shale layer thickness increases from 1m to 4m, according to 
Equation (1) ΔPS increases significantly, as evident from the ΔP in Table 2. A lower value of TM is hence required on Model 
Set 2 to create this increased pressure difference across layer 20. For the Skrugard reservoir, almost all the shale layers have 
thickness in the range 1-4m. Therefore the TM-k relationships shown in Figure 7 establish the extreme case TMs for shale 
layers extended throughout the reservoir without any openings. 
 
Case 3: Limited Lateral Extent Shale Layer of 1m Thickness 
 For Case 3, the cell dimensions for layer 20 in Model Sets 1 and 2 were 20m × 20m × 1m. However, in Case 3 all the 
grid cells in layer 20 of Model Set 1 with X-coordinates from 1 through 20 were included as sand, with kx = 1000 mD. The 
grid cells in layer 20 of Model Set 1 with X-coordinates from 21 through 50 were included as shale, with kx ranging from 
0.00002 mD to 2 mD. All the grid cells in layer 20 of Model Set 2 were included as sand, kx = 1000 mD, and a vertical 
transmissibility multiplier, ranging from 0.000001 to 1.0, was applied to all the grid cell connections between layer 20 and 
layer 19 (Figure 8). Therefore Model Set 2 in Case 3 was similar to the Model Set 2 in Case 1. 
The objective of flow simulations in Case 3 was to establish the relationship between the permeability of a 1m thick 
shale layer, of limited lateral extent in Model Set 1, and the vertical transmissibility multipliers that would create the same 
amount of pressure drop across layer 20 in Model Set 2, and hence replace the shale barrier in the final reservoir simulation 
models. The models in Case 3 are closer to reality and the final reservoir simulation models of the Skrugard reservoir in terms 
of the lateral extent of the shale barriers. All of the shale layers in the geological models of the Skrugard reservoir are limited 
in their lateral extent. Therefore it was imperative to study the effect that a shale layer of limited lateral extent, and varying 
permeabilities, would have on the vertical pressure drops across layer 20 at different positions along the shale layer. Since the 
vertical pressure drop across layer 20 would be different at different positions along the lateral extent of the shale layer, these 
pressure drops were measured at more than one position. For Case 3, the pressure drops across layer 20 were measured at 
blocks (1, 25, 19), (1, 25, 21), (25, 25, 19), (25, 25, 21), (50, 25, 19), and (50, 25, 21) in both the model sets. The target liquid 
and gas production rates, and the target liquid as gas injection rates used were the same as those used for Case 1. 
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Figure 8: Schematics of Model Set 1 (Left) and Model Set 2 (Right) used in Case 3 to establish the effect of the lateral 
extent of the shale layer on the TM-k relationships derived in Case 1. 
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Results and Discussion for Case 3 
A major difference of Case 3 from Cases 1 and 2 is that different TMs are required to match the vertical pressure 
drops across layer 20 at each of the three different pressure measurement positions shown in Figure 8. Therefore, in the flow 
simulations for Case 3, three TM-k relationships were derived for each scenario, based on the three pressure drop profiles 
across layer 20: pressure drops at Block 1, Block 25 and Block 50. 
 The flow simulation results for representative cases of OPH and OPL scenarios with oil and gas as the fluids in place 
are shown in Table 3.  
Figure 9 shows the resulting TM-k relationships from the flow simulations on Model Set 1 and Model Set 2 for Case 3, with 
water, oil and gas as the fluids in place. See ‘Appendix D: Transmissibility-Permeability Tables and Plots’ for the 
remaining tables and TM-k plots.  
 
Oil-OPL 
1m Extended Shale 
Oil-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.000710 0.000150 
0.0002 0.000000 0.0002 1.000000 0.000720 0.000170 
0.002 0.000000 0.002 1.000000 0.000740 0.000235 
0.02 0.000100 0.02 1.000000 0.000780 0.000520 
0.2 0.000710 0.2 1.000000 0.001100 0.000840 
0.5 0.001300 0.5 1.000000 0.001600 0.001500 
1.0 0.002200 1.0 1.000000 0.002300 0.002700 
1.5 0.003300 1.5 1.000000 0.003300 0.003750 
2.0 0.005000 2.0 1.000000 0.005000 0.004700 
 
Gas-OPL 
1m Extended Shale 
Gas-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.000030 0.000100 
0.0002 0.000000 0.0002 1.000000 0.000030 0.000100 
0.002 0.000001 0.002 1.000000 0.000080 0.001200 
0.02 0.000100 0.02 1.000000 0.000200 0.003100 
0.2 0.000800 0.2 1.000000 0.000400 0.005900 
0.5 0.001200 0.5 1.000000 0.001200 0.006100 
1.0 0.002300 1.0 1.000000 0.002700 0.006300 
1.5 0.004000 1.5 1.000000 0.003900 0.006500 
2.0 0.005000 2.0 1.000000 0.005100 0.010000 
 
Table 3: Flow simulation results for the OPH and OPL scenarios of Case 3 with oil and gas as the fluids in-place. 
  
The Block 25 TMs obtained for the OPH scenarios of water, oil and gas in Case 3 are significantly higher than the 
Block 25 TMs obtained for Case 1. This is because in Case 3, where the shale layer is limited in its lateral extent, the pressure 
drop across layer 20 is greatly reduced in Model Set 1 due to the pressure support provided by fluid flow around the edge of 
the shale layer. A reduction in the pressure drop across layer 20 in Model Set 1 requires a similar reduction in pressure drop 
across layer 20 in Model Set 2, which is achieved by increasing the TMs. Similar observations are made for the OPL scenarios 
of water, oil and gas, except that the magnitude of difference between the Block 25 TMs of Case 3 and Case 1 is smaller, and 
they start to converge at shale permeabilities above 1.5 mD. 
 The Block 50 TMs for the OPH scenarios of water, oil, and gas in Case 3 are considerably smaller compared to the 
corresponding Block 25 TMs. This observation on the flow simulations for Case 3 was expected, since Block 50, in Model Set 
1, is much more distant from the edge of the shale layer than Block 25. Therefore the pressure drop measured in Block 50, 
across layer 20 of Model Set 1, is considerably larger than the pressure drop in Block 25 of Model Set 1. For the pressure 
drops in Block 50, across layer 20, of Model Set 1 and 2 to match, lesser vertical transmissibility is required for each value of 
shale permeability, hence the smaller TMs. However, the Block 50 TMs for the OPH scenarios of water, oil and gas in Case 3 
are still higher than the corresponding Block 25 TMs in Case 1. This is because, in Case 1, the pressure drop in Block 25, 
across layer 20 of Model Set 1 is the largest compared to the pressure drops across layer 20 in Blocks 25 and 50 of Model Set 
1 in Case 3. This larger pressure drop is a consequence of the shale layer being extended throughout the simulation models in 
Case 1, restricting the vertical flow of fluids and hence eliminating the pressure support for layer 19 of the simulation models. 
 In contrast to the above mentioned OPH scenarios, the Block 50 TMs for the OPL scenarios of water, oil, and gas in 
Case 3 are generally higher than the corresponding Block 25 TMs for Cases 1 and 3. This can be explained by considering the 
Model Set 1 pressure distribution and flow conditions for the OPL scenario of water in Case 3. The shale permeability for the 
case discussed in Figure 10 is 0.2 mD. From the figure it is evident that the average pressure in layer 19 is generally lower 
than the average pressure in layer 21, except in the vicinity of Block 25. Moreover, the water flow rates along the k-direction 
(where a positive value indicates flow in the positive k-direction, and a negative value indicates flow in the negative k-
direction) show that the water flow direction is generally upwards, from layer 21 to layer 19, except for the vicinity of Block 
25 where the water flow direction is downwards, from layer 19 to layer 21. Therefore, it is obvious that the Block 25 TMs 
computed for water, oil and gas in Case 3 would not be representative of the required TMs in Model Set 2 of the 
corresponding cases since the pressure distribution and flow conditions in the vicinity of Block 25 for the mentioned cases 
Oil-OPH 
1m Extended Shale 
Oil-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 0.330000 0.002150 0.001100 
0.0002 0.000000 0.0002 0.330000 0.002150 0.001100 
0.002 0.000006 0.002 0.330000 0.002150 0.001100 
0.02 0.000050 0.02 0.330000 0.002220 0.001100 
0.2 0.000600 0.2 0.400000 0.003000 0.001700 
0.5 0.001500 0.5 0.450000 0.004000 0.002500 
1.0 0.002900 1.0 0.480000 0.005900 0.004100 
1.5 0.004100 1.5 0.490000 0.007000 0.005750 
2.0 0.005930 2.0 0.505000 0.008900 0.007050 
Gas-OPH 
1m Extended Shale 
Gas-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.002400 0.001250 
0.0002 0.000000 0.0002 1.000000 0.002500 0.001250 
0.002 0.000001 0.002 1.000000 0.002600 0.001250 
0.02 0.000050 0.02 1.000000 0.002700 0.001250 
0.2 0.000625 0.2 1.000000 0.003100 0.001850 
0.5 0.001300 0.5 1.000000 0.004100 0.002900 
1.0 0.002300 1.0 1.000000 0.005200 0.004100 
1.5 0.003850 1.5 1.000000 0.007300 0.006500 
2.0 0.005000 2.0 1.000000 0.009000 0.008200 
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represent an extreme condition due to the spatial orientation of the well and the shale layer. 
 The Block 1 TMs for the OPH and OPL scenarios of water, oil and gas in Case 3 are very high (1.0 in most cases) 
since, in Model Set 1, the absence of a low permeability shale in layer 20 of Block 1 makes the grid cells highly transmissible.  
 
 
 
 
 
 
 
  
 
Figure 9: TM-k plots for Case 3, 1m laterally extended shale versus 1m laterally limited shale. (a) OPH scenarios with water, oil and 
gas as the fluids for 1m laterally extended shale versus 1m laterally limited shale. (b) OPL scenarios with water, oil and gas for 1m 
laterally extended shale versus 1m laterally limited shale. (c) Block 25 and 50 TMs for Case 3, and the Block 25 TMs for Case 1 of the 
OPH scenarios with water. (d) Block 25 and 50 TMs for Case 3 and the Block 25 TMs for Case 1 of the OPL scenarios with water. (e) 
Block 25 and 50 TMs for Case 3 and the Block 25 TMs for Case 1 of the OPH scenarios with oil. (f) Block 25 and 50 TMs for Case 3 and 
the Block 25 TMs for Case 1 of the OPL scenarios with oil. (g) Block 25 and 50 TMs for Case 3 and the Block 25 TMs for Case 1 of the 
OPH scenarios with gas. (h) Block 25 and 50 TMs for Case 3 and the Block 25 TMs for Case 1 of the OPL scenarios with gas.  
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Figure 10: A 2D slice through Model Set 1 of the OPL scenario of Case 3, with water as the fluid in place (Shale permeability = 0.2 
mD), showing: (a) Pressure distribution, and (b) Water flow rate in the k-direction. 
 
Case 4: Shale Layer of 1m Thickness with Random Sand Openings 
 In Case 4, the cell dimensions for layer 20 in Model Sets 1 and 2 were 20m × 20m × 1m. However, in this case all the 
grid cells in layer 20 of Model Set 1 were included as shale, with kx ranging from 0.00002 mD to 2 mD, except 5% of the grid 
cells of layer 20, that were included as sand with kx = 1000 mD. All the grid cells in layer 20 of Model Set 2 were included as 
sand, kx = 1000 mD, and a vertical TM, ranging from 0.000001 to 1.0, was applied to all the grid cell connections between 
layer 20 and layer 19 (Figure 11). Therefore Model Set 2 in Case 4 was similar to the Model Set 2 in Cases 1 and 3. 
The primary objective of flow simulations in Case 4 was to establish the relationship between the permeability of a 
1m thick shale layer (extended throughout the lateral extent of the model) with a random 5% of the grid cells in layer 20 
included as in sand openings (Model Set 1), and the vertical transmissibility multipliers that would create the same amount of 
pressure drop across layer 20 (Model Set 2), and hence replace the shale layer in the final reservoir simulation models.  
The secondary objective of flow simulations in Case 4 was to study the effect that random openings, equal to various 
percentages of the lateral area of layer 20, would have on the vertical pressure profiles across layer 20 in Model Set 1. The 
varying pressure profiles across layer 20 in Model Set 1 would translate into varying vertical transmissibility multipliers 
required to create similar vertical pressure profiles across layer 20 in Model Set 2. For Case 4, the pressure drops across layer 
20 were measured at blocks (25, 25, 19) and (25, 25, 21) in both the model sets. The target liquid and gas production rates, and 
the target liquid as gas injection rates used were the same as those used for Case 1. 
Case 4, like Case 3, is closer to reality and the final reservoir simulation models of the Skrugard reservoir in terms of 
the areal continuity of the shale layers present in the actual reservoir. The geological models of the Skrugard reservoir contain 
shale layers extended over several square miles areally, with random sand openings within the shale layer that act as zones 
permeable to fluids.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion for Case 4 
 The Case 4 flow simulation results for the OPH and OPL scenarios of water, oil, and gas are shown in Table 4 and 
Figure 12. The simulation results for the OPH and OPL scenarios of all fluids are shown in ‘Appendix D: Transmissibility-
Permeability Tables and Plots’. ΔP is defined as: Pressure in block (25, 25, 21) – Pressure in block (25, 25, 19). 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
1m 
X = 1 X = 50 
Layer 19 
Layer 20 
Layer 21 
5m 
5m 
1m 
X = 1 X = 50 
Vertical TM; TM = 0.000001 to 1.0 
Sand; kx = 1000 mD 
Shale; kx = 0.00002 to 2.0 mD 
Figure 11: Schematics of Model Set 1 (Left) and Model Set 2 (Right) used in Case 4 to establish the effect of the lateral 
continuity of the shale layer on the TM-k relationships derived in Case 1. 
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Shale kx 
(mD) 
Water - OPH Oil - OPH Gas - OPH 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 2.0409 0.013000 7.619 0.014000 0.0917 0.012500 
0.0002 2.0430 0.013100 7.618 0.014100 0.0917 0.012500 
0.002 2.0413 0.013200 7.620 0.014200 0.0917 0.012600 
0.02 2.0374 0.013400 7.606 0.014500 0.0917 0.013000 
0.2 2.0028 0.013900 7.438 0.015500 0.0912 0.014500 
0.5 1.9476 0.016000 7.209 0.017000 0.0906 0.017000 
1.0 1.8736 0.018500 6.896 0.018500 0.0897 0.018500 
1.5 1.8127 0.020000 6.607 0.020000 0.0889 0.019500 
2.0 1.7593 0.021000 6.357 0.021500 0.0882 0.021000 
Shale kx 
(mD) 
Water - OPL Oil - OPL Gas - OPL 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 -0.3639 0.018500 -5.1998 0.018000 0.0629 0.018000 
0.0002 -0.3639 0.018500 -5.2010 0.018100 0.0629 0.018100 
0.002 -0.3620 0.018600 -5.1994 0.018200 0.0629 0.018200 
0.02 -0.3618 0.018700 -5.2003 0.018300 0.0629 0.018800 
0.2 -0.3550 0.019300 -5.1495 0.018500 0.0630 0.019400 
0.5 -0.3432 0.019600 -5.0703 0.019300 0.0631 0.019900 
1.0 -0.3206 0.020000 -4.9461 0.020100 0.0634 0.020700 
1.5 -0.3015 0.020800 -4.8227 0.021300 0.0636 0.021300 
2.0 -0.2836 0.021300 -4.7116 0.022500 0.0638 0.023000 
 
Table 4: Flow simulation results for the OPH and OPL scenarios of Case 4 with water, oil and gas contained 
within Model Sets 1 and 2. 
 
 
 
 
Figure 12: TM-k plots for Case 4, 1m laterally extended shale versus 1m laterally extended shale with random sand openings. (a) OPH 
scenarios with water, oil and gas as the fluids in place for 1m laterally extended shale versus 1m laterally extended shale with 
random sand openings. (b) OPL scenarios with water, oil and gas as the fluids in place for 1m laterally extended shale versus 1m 
laterally extended shale with random sand openings. 
 
The TMs obtained for the OPH and OPL scenarios of water, oil and gas in Case 4, where Model Set 1 consists of a 
1m thick shale layer extended laterally throughout the model with 5% of the grid cells in layer 20 included and random sand 
openings, are significantly higher than the TMs obtained for Case 1, where Model Set 1 consists of a 1m thick shale layer 
extended laterally throughout the model with no sand openings. This is because in the case where the shale layer, in Model Set 
1, includes 5% of the grid cells as random sand openings, the pressure drop across layer 20 is greatly reduced due to the 
pressure support provided by fluid flow through the high permeability sand openings within the shale layer. A significant 
reduction in the pressure drop across layer 20 in Model Set 1 requires a similar reduction in the pressure drop across layer 20 
in Model Set 2, which is achieved by increasing the TMs until a pressure match between Model Sets 1 and 2 is achieved.  
Flow simulations were also performed on the OPH 
scenario for water (in Case 4) with varying percentages of the 
lateral area of the shale layer acting as random sand openings 
within the shale layer. With shale permeability of 0.00002 mD, the 
TMs derived are as shown in Figure 13. As the number of random 
sand openings is increased, by increasing the proportion of the 
shale layer containing random sand openings, it has the effect of 
reducing the pressure drop across layer 20, in Model Set 1, 
significantly. Therefore, to achieve a pressure match in Model Set 
2, the vertical transmissibility multipliers have to be increased 
significantly as the number of sand openings is increased. Since 
the shale layers present in the Nordmela formation of Skrugard, 
are heterogeneous and non-extensive shales, this case provides 
valuable data for the computation of physically realistic TMs. 
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Figure 13: Effect of the number of sand openings 
(percentage of the lateral area of the shale layer) on the 
transmissibility multipliers of a 0.00002 mD shale layer. 
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Case 5: Shale Layer of 1m Thickness with Different Sub-seismic Fault Implementations (Fault Throw = 2m) 
 Although sub-seismic faults occupy only a negligible fraction of the total volume of a petroleum reservoir, their 
presence within a reservoir, and possibly within a shale layer, would break down the lateral continuity of the shale and allow 
fluid flow through the sub-seismic faults, affecting the vertical pressure profile across the shale layer, and hence the vertical 
transmissibility multipliers required to replace the shale layers in the simulation models. Case 5 was designed to study the 
effect that sub-seismic faults within a shale layer would have on fluid flow and hence the required TMs. 
In Case 5, the cell dimensions for layer 20 in Model Sets 1 and 2 were 20m × 20m × 1m. In this case all the grid cells 
in layer 20 of Model Set 1 were included as shale, with kx ranging from 0.00002 mD to 2 mD, with faults of 2m throw 
included at various positions along the shale layer. All the grid cells in layer 20 of Model Set 2 were included as sand, kx = 
1000 mD, and a vertical TM, ranging from 0.000001 to 1.0, was applied to all the grid cell connections between layer 20 and 
layer 19 (Figure 14). Therefore Model Set 2 in Case 5 was similar to the Model Set 2 in Cases 1, 3 and 4.  
The primary objective of flow simulations in Case 5 was to establish the relationship between the permeability of a 
1m thick shale layer (extended throughout the lateral extent of the model) with faults of 2m throw included at various positions 
along the shale layer (Model Set 1), and the vertical transmissibility multipliers that would create the same amount of pressure 
drop across layer 20 (Model Set 2), and hence replace the shale layer in the final reservoir simulation models. For Case 5, the 
pressure drops across layer 20 were measured at blocks (25, 25, 19) and (25, 25, 21) in both the model sets. The target liquid 
and gas production rates, and the target liquid as gas injection rates used were the same as those used for Case 1. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion for Case 5 
The Case 5 flow simulation results for the OPH scenario of water, and different implementations of the sub-seismic 
faults along the x-axis, are shown in Table 5 and Figure 15. For the results of the same scenario with sub-seismic fault 
implementations along the y-axis, see ‘Appendix D: Transmissibility-Permeability Tables and Plots’. ΔP is defined as: 
Pressure in block (25, 25, 21) – Pressure in block (25, 25, 19) at the end of a three year simulation period.  
 
Water-OPH 
1m Extended Shale 
Water-OPH 
1m Faulted Shale 
Fault at X=10 Fault at X=10 & 25 Fault at X=10, 25 & 40 Fault at X=10 & 40 Fault at X=25 
Shale 
kx 
(mD) 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
0.00002 66.83 0.000000 16.46 0.000197 8.12 0.000488 6.28 0.000700 9.33 0.000400 13.17 0.000270 
0.0002 66.72 0.000000 16.42 0.000200 8.11 0.000490 6.28 0.000702 9.32 0.000402 13.14 0.000272 
0.002 65.90 0.000003 16.02 0.000204 8.02 0.000500 6.24 0.000710 9.23 0.000410 12.85 0.000278 
0.02 41.05 0.000040 12.94 0.000270 7.34 0.000560 5.93 0.000760 8.44 0.000470 10.60 0.000340 
0.2 6.61 0.000635 5.81 0.000800 4.65 0.001200 4.38 0.001300 5.28 0.000930 5.08 0.001000 
0.5 4.19 0.001500 4.06 0.001700 3.56 0.002200 3.51 0.002300 3.96 0.001750 3.66 0.002100 
1.0 3.27 0.003000 3.24 0.003000 2.95 0.004100 2.95 0.004070 3.21 0.003050 2.98 0.004000 
1.5 2.88 0.004400 2.86 0.004500 2.65 0.006000 2.66 0.006000 2.86 0.004500 2.67 0.005900 
2.0 2.64 0.006000 2.64 0.006000 2.46 0.007700 2.47 0.007500 2.63 0.006100 2.47 0.007500 
 
Table 5: Flow simulation results for the OPH scenario of Case 5, with water as the fluid contained within Model Sets 1 and 2. The 
results shown are for the different sub-seismic fault implementations along the x-axis.  
 
 
 
 
 
 
 
Sand; kx = 1000 mD 
Shale; kx = 0.00002 to 2.0 mD 
Vertical TM; TM = 1×10-6 to 1.0 
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Figure 14: Schematics of Model Set 1 (Left) and Model Set 2 (Right) used in Case 5 to establish the effect of sub-seismic 
faults within the shale layer on the TM-k relationships derived in Case 1. 
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Figure 15: TM-k plots for Case 5, 1m laterally extended shale versus 1m laterally extended shale with sub-seismic faults. (a) OPH 
scenario of water for 1m laterally extended shale versus different sub-seismic fault implementations along the x-axis. (b) OPH 
scenario of water for 1m laterally extended shale versus different sub-seismic fault implementations along the y-axis. 
 
For shale permeabilities below 0.7 mD, the TMs obtained for the OPH scenario of water in Case 5, where Model Set 
1 consists of a 1m thick shale layer extended laterally throughout the model with sub-seismic faults of 2m throw included at 
various positions along the shale layer, are considerably higher than the TMs obtained for Case 1, where Model Set 1 consists 
of a 1m thick shale layer extended laterally throughout the model with no sub-seismic faults. The presence of sub-seismic 
faults allows fluid flow through them across the shale layer, thereby reducing the vertical pressure drop across layer 20 in 
Model Set 1. To achieve a similar reduced pressure drop across layer 20 on Model Set 2, higher values of vertical 
transmissibility multipliers are required. 
The TMs obtained for the cases where a sub-seismic fault occurs at X = 25, or at Y = 25, are significantly higher than 
the other cases. This is because, since the pressure drops across layer 20 are measured at blocks (25, 25, 19) and (25, 25, 21), 
having a sub-seismic fault in the vicinity of these blocks has a pronounced effect on the computed vertical transmissibility 
multipliers. 
For shale permeabilities above 0.7 mD, fluid flow through the shale layer becomes dominant, and the effect of sub-
seismic faults on the vertical pressure profile becomes less pronounced. Therefore, the TM-k relationships for all the different 
sub-seismic fault implementations start to converge at higher shale permeabilities.  
It is also concluded from the flow simulation results that the N-S orientation of the sub-seismic fault(s) has negligible 
impact on the vertical pressure drops across layer 20 and the computed TMs. 
According to the geophysical interpretations of Skrugard, the expected throw of the sub-seismic faults in the reservoir 
is in the range of 1-2m. Therefore the results from Case 5 simulations have enabled reasonable estimation of the required TMs 
based on the density and orientation of sub-seismic faults having a 2m throw. 
 
Vertical Transmissibility Multiplier Dependency on the Vertical Pressure Drop 
 In all of the above cases it is observed that the values of TMs derived from this flow simulation methodology depend 
on the magnitude of the vertical pressure drop across layer 20. Therefore, throughout the studied cases the relationship 
between shale layer permeability in Model Set 1 and the vertical transmissibility multiplier in Model Set 2 is observed to be a 
non-unique relationship depending on the magnitude of pressure drop across layer 20 in both the Model Sets. To study the 
effect of varying the magnitude of vertical pressure drops across layer 20, flow simulations were re-run on the OPH scenarios 
of water for Cases 1, 3 and 4 with different target liquid production rates (other than the target liquid production rate of 5000 
sm
3
/day used for the original cases). Varying the target liquid production rates for well OPH, in effect, varied the magnitude of 
vertical pressure drops across layer 20, allowing to establish the TM-k relationships for each target liquid production rate.  
 
Impact of Target Water Production Rates on the TM-k Relationships in Case 1 
 The flow simulation results for the OPH scenario of water for Case 1 with varying target water production rates, and 
hence varying pressure drops across layer 20, are shown in Table 6 and Figure 16. ΔP is defined as: Pressure in block (25, 25, 
21) – Pressure in block (25, 25, 19) at the end of a three year simulation period. 
 
 Target Water Production Rate (sm3/day) 
Shale kx 
(mD) 
200 500 1000 5000 10000 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.2 0.8867 0.000630 1.2457 0.000610 1.8399 0.000625 6.61 0.000635 12.5708 0.000630 
 
Table 6: Effect of target water production rates of well OPH on the vertical pressure drop across layer 20, and the corresponding 
vertical transmissibility multipliers for the OPH scenario of water in Case 1. 
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The TM-k relationships for all the different liquid production 
rates are very similar in the low ranges of shale permeabilities 
(0 to 0.3 mD). This is because at very low shale permeabilities 
the bottomhole pressure (BHP) in well OPH, for all the target 
water production rates, decreases all the way to 100 bars (1450 
psi), which is the lower limit for BHP specified on wells OPH 
and OPL. Since the production is then controlled by the BHP 
of well OPH, which is the same for all the different water 
production rates, similar vertical pressure drops are created 
across layer 20, giving rise to similar TM-k relationships for 
all the water production rates. Therefore, this convergence of 
the TM-k relationships at shale permeabilities below 0.3 mD is 
due to the fact that the BHP drops to the control BHP, as the 
pressure support from fluid flow is very low. 
 
The TM-k relationships for the different target liquid production rates start to diverge at shale permeabilities above 
0.3 mD. At shale permeabilities above 0.3 mD, production is no longer controlled by the BHP of well OPH; instead production 
is then controlled by the specified target liquid production rates. This allows the vertical pressure drop across layer 20 to vary 
with the liquid production rates. As the target liquid production rate is decreased, the volumetric flow rate per unit area across 
the shale layer, qs, also decreases. As qs decreases, the pressure drop across layer 20, ΔPS, also decreases as per Equation (1). 
ΔPTM1 (Figure 5), which has the effect of reducing the computed TMs when ΔPTM and ΔPS are correlated in the OPH case, 
does not change significantly. Therefore, the computed TMs for lower target liquid production rates in the OPH scenario of 
water in Case 1, are considerably lower than those computed for the corresponding TMs derived for higher target liquid 
production rates. 
As shale permeability increases further (beyond 1.5 mD), the sensitivity of the pressure drop across layer 20, ΔPS, to 
the varying liquid production rates, and hence qs, decreases, as per Equation (1). Therefore, the TM-k relationships for the 
various target liquid production rates start to converge above shale permeabilities of 1.5 mD. 
 
Impact of Target Water Production Rates on the TM-k Relationships in Case 3 
 The flow simulation results for the OPH scenario of water for Case 3 with varying target water production rates, and 
hence varying pressure drops across layer 20, are shown in Figure 17.  
In this case, the Block 25 TMs diverge for different liquid production rates at shale permeabilities below 1.5 mD, and 
begin to converge at shale permeabilities above 1.5 mD for the same reasons as discussed earlier. The effect of varying the 
liquid production rates, and hence the pressure drops across layer 20, is much less noticeable on Block 50 owing to the 
distance of Block 50 from the edge of the shale barrier.  
 
 
Figure 17: Effect of target water production rates (sm
3
/day) on the TM-k relationships for the OPH scenario of water in Case 3. The 
TMs represented are for: (a) Block 25, and (b) Block 50. 
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Figure 16: Effect of target water production rates (sm
3
/day) on 
the TM-k relationships for the OPH scenario of water in Case 1. 
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Impact of Target Water Production Rates on the TM-k Relationships in Case 4 
 The flow simulation results for the OPH scenario of water for Case 4 with varying target water production rates, and 
hence varying pressure drops across layer 20, are shown in Figure 18. 
 
As observed in Case 3, the TMs in Case 4 diverge for 
different liquid production rates at shale permeabilities below 
2.0 mD, and converge at shale permeability of about 2.0 mD 
for the same reasons as discussed earlier. However, the TMs 
for very low water production rates, and hence pressure 
drops across layer 20, are considerably lower than those for 
higher target production rates of the well OPH. The expected 
pressure drop across the shale layers in the Skrugard 
reservoir is below 20 bars. This is similar to the pressure 
drop across layer 20 obtained for higher target water 
production rates in Figure 18. Therefore, for the final 
simulation models of the Skrugard reservoir, the TM-k 
relationships applicable would those of the water production 
rates of 1000, 5000 and 10000 sm
3
/day.  
 
 
 
Conclusions  
 In this study conceptual block-centered simulation models were construced with the same rock and fluid properties as 
those of the Skrugard base case simulation model. Different implementations of the shale layers were included in these models 
to establish the relationship between shale layer permeability and the vertical transmissibility multipliers required to replace 
the shale layers on the simulation models. The main conclusions of the study are:    
 The TM-k relationships of water and oil are very similar for all the cases discussed, for shale permeabilities ranging 
from 0.00002 to 2.0 mD within the Skrugard reservoir. The only exception is the case where pressure measurements 
are made in the vicinity of the edge of a shale barrier, where the vertical transmissibility multipliers for water, as the 
fluid in-place, are higher than those of oil. 
 Decreasing shale layer thickness of a particular permeability, limiting its lateral extent, and including random sand 
openings in the shale layer, all have the effect of significantly increasing the vertical transmissibility multipliers 
required. 
 In decreasing order of importance, the TM-k relationships are most sensitive to the continuity of the shale layer, the 
lateral extent of the shale layer, the thickness of the shale layer, and the sub-seismic fault density within the shale. 
 The strike and dip of the shale layer have negligible impact on the derived TM-k relationships and hence the 
hydrocarbon recovery factors.  
 There is a dependency of the TM-k relationships on the magnitude of pressure drop across the shale layer, but the 
resulting TMs, for the different pressure drops across the shale layer, are consistent within an order of magnitude that 
is less than the expected uncertainty in the results.  
 
Recommendations for Further Work 
 Following the results of this study, flow simulations were run on models with a 10° dip, as well as the full field 
simulation models. The computed TMs for the models with the dip were found to be consistent with the results presented in 
this study. However, the computed TMs for the initial simulations on the full-field model of Skrugard were found to be 
significantly higher than those derived in this study. Simulations for the other cases on the full-field models are to be 
performed to better understand the relationship between the TMs computed from the models used in this study and those 
derived on the full-field model. 
The results of this study could be used to improve the well placement and to create the final production simulation 
models of the Skrugard reservoir, where the shale layers, in the geological models of the reservoir, would be replaced with 
geologically realistic vertical transmissibility multipliers. However, it is imperative to recognize that the approach used in this 
paper can be employed as a starting point towards the determination of geologically realistic transmissibility multipliers to 
replace the shale layers in the dynamic models. The only verification for the computed transmissibility multipliers, and hence 
the adequacy of the modified simulation model, can come from performing a history match of the modified simulation model 
against the production data, and ensuring a reasonable match on the RFT/MDT pressure points, production pressure data, 
water cut and gas-oil ratio (GOR). Therefore, a history match will be performed on the modified Skrugard simulation models 
once the production data becomes available. 
 To include transmissibility multipliers instead of shale layers in the simulation models of other fields, the study 
strongly recommends construction of similar models and following a similar methodology to establish the relationship 
between shale layer permeability for different scenarios and the required vertical transmissibility multipliers. 
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Figure 18: Effect of target water production rates (sm
3
/day) on the 
TM-k relationships for the OPH scenario of water in Case 4. 
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Nomenclature 
 
kv = Vertical permeability, mD 
kh = Horizontal permeability, mD 
kx = Horizontal permeability, mD 
kv/kh  = Permeability anisotropy 
TM = Transmissibility multiplier 
sm
3 
= Standard cubic meter 
OPH  =  Oil Producer High 
OPL = Oil Producer Low 
ΔPS = Total pressure drop at the shale layer, bars 
ΔPS1 = Pressure drop at the base of the shale layer, bars 
ΔPS2 = Pressure drop at the top of the shale layer, bars 
ΔPTM = Total pressure drop at the shale layer in the simulation models, bars 
ΔPTM1 = Total pressure drop at the top of the shale layer in the simulation models, bars 
ΔPTM2 = Total pressure drop at the base of the shale layer in the simulation models, bars 
qs = Volumetric flow rate per unit area, m/s 
ts = Shale layer of thickness, m 
ks = Shale vertical permeability, mD 
OWC  =  Oil-water contact, m 
GOR =  Gas-Oil Ratio 
Sor = Residual oil saturation 
Swi  =  Initial water saturation 
Pc = Capillary pressure, bars 
BHP =  Bottom hole pressure, bars 
krw = Water relative permeability, mD 
kro = Oil relative permeability, mD 
krg =  Gas relative permeability, mD 
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Appendix A: Critical Literature Review 
 
 
SPE 
Paper n 
Year Title Authors Contribution 
22695 1991 “Modeling Geological Heterogeneities 
and its Impact on Flow Simulation” 
V. Suro-Pérez, P. Ballin, K. 
Aziz, and A.G. Journel   
This paper addresses the stochastic 
modeling of geological attributes, such as 
lithology or lithofacies; the generation of 
reservoir properties, such as permeability, 
porosity, and saturation; and the prediction 
of fluid flow in the reservoir, such as 
cumulative oil production, cumulative 
water oil ratio, and water breakthrough 
times. 
49024 1998 “Sub-seismic Faults Can Seriously Affect 
Fluid Flow in the Njord Field off Western 
Norway – A Stochastic Fault Modeling 
Case Study” 
 
E. Damsleth, V. Sanglot   Derivation of vital conclusions on the 
effect of the shape and direction, fault 
plane properties, and spatial distribution of 
sub-seismic faults on the oil and gas 
production in the Njord Field. 
PG 
Vol. 5 
1999 “Fault Transmissibility Multipliers for 
Flow Simulation Models”  
T. Manzocchi, J. J. Walsh, P. 
Nell and G. Yielding 
Presentation of the methods of analytical 
transmissibility determination, 
transmissibility determination from 
geological input, and the application of 
transmissibilities to full-field models. 
94460 2005 “Recent Advances in Fault Seal Analysis 
as an Aid to Reservoir Characterization 
and Production Simulation Modelling” 
 
Q.J. Fisher Presentation of evidences that faults in the 
flanks of reservoirs appear to be more 
sealing than those in the crest, and that 
faults appear to be more transmissive in 
the aquifer than above the petroleum-water 
contact (PWC). 
105375 2007 “Recent Advances in the Understanding 
and Incorporation of the Multiphase Fluid 
Flow Properties of Fault Rocks into 
Production Simulation Models” 
Suleiman M. Al-Hinai, 
Quentin J. Fisher, Carlos A. 
Grattoni, and Simon D. Harris   
Suggestion of two alternative approaches 
to incorporate the multiphase flow 
properties of faults into production 
simulation models. 
110331 2007 “Flow Through Inhomogeneous Fault 
Zones” 
Herald H. Soleng, Anne R. 
Syversveen, Arne Skorstad, 
and Per Røe   
Comparison of the flow simulation results 
in a fault facies model with a model using 
the conventional fault representation. The 
compared results are presented in terms of 
water cut, oil production and gas-oil ratio 
(GOR). 
151010 2011 “Impact of Impermeable Shale Streaks on 
Production” 
C.I. Uguru, H.A. Obiuwevbi, 
and J. Oni   
Citation and discussion of examples from 
a brown field, with over forty years of 
active production, confirming that the 
presence of intra-reservoir shales, in an 
otherwise homogeneous reservoir, plays a 
key role in reservoir production 
performance. 
149690 2012 “Accurate Modeling of Faults by 
Multipoint, Mimetic, and Mixed 
Methods” 
Halvor M. Nilsen, K. A. Lie, 
and Jostein R. Natvig   
Proposal of a method for accurate 
description of faults in solvers based on a 
hybridized mixed or mimetic 
discretization, which also includes MPFA-
O method. 
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SPE 22695 (1991)  
 
Modeling Geological Heterogeneities and its Impact on Flow Simulation 
 
Authors: V. Suro-Pérez, P. Ballin, K. Aziz, and A.G. Journel   
 
Contribution to understanding the impact of geological heterogeneities on fluid flow:  
 
This paper addresses the stochastic modeling of geological attributes, such as lithology or lithofacies; the generation of 
reservoir properties, such as permeability, porosity, and saturation; and the prediction of fluid flow in the reservoir, such as 
cumulative oil production, cumulative water oil ratio, and water breakthrough times. 
 
Objective of the paper:  
 
To evaluate how performance prediction is affected by either explicit modeling of geological heterogeneities, or its ignorance. 
 
Methodology used:  
 
The algorithm of indicator principal component kriging (IPCK) is used, first to simulate the reservoir geological architecture, 
then for the simulation of flow properties specific to each of the simulated lithofacies. This is followed by the numerical 
integration of flow properties and geological attributes. The underlying assumption in this process is that flow is primarily 
controlled by the major geological structures. 
 
Conclusion reached:  
 
1. Geological architecture of the reservoir plays an important role in fluid flow, hence in performance prediction. The 
modeling of petrophysical properties should be made conditional to previously modeled geological architecture. 
2. In the presence of heterogeneous porous media, flow is primarily controlled by the high permeability contrast between flow 
units. The spatial variability of flow properties within each flow unit is not critical. 
3. Models with different permeability correlation ranges, but sharing the same geological architecture, essentially give the 
same fluid flow performance. 
4. Larger uncertainty results from the consideration of geometric architecture. A non-conservative underestimation of this 
uncertainty may result by ignoring either the effect of geometric architecture on fluid flow, or that of the spatial correlation of 
petrophysical properties. 
 
Comments:  
 
This paper was useful in understanding the stochastic modeling approach employed to model geological heterogeneities, such 
as the shale streaks present in the Skrugard reservoir. 
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SPE 49024 (1998)  
 
Sub-seismic Faults Can Seriously Affect Fluid Flow in the Njord Field off Western Norway – A Stochastic Fault Modeling 
Case Study  
 
Authors: E. Damsleth, V. Sanglot   
 
Contribution to understanding the effect sub-seismic faults can have on fluid flow:  
 
Derivation of vital conclusions on the effect of the shape and direction, fault plane properties, and spatial distribution of sub-
seismic faults on the oil and gas production in the Njord Field. 
 
Objective of the paper:  
 
To quantify the potential impact of sub-seismic faulting on fluid flow and production.  
 
Methodology used:  
 
HAVANA has been used to simulate sub-seismic faults in the reservoir through stochastic modeling. Faults are then converted 
to Irap RMS format for visualization, to include the faults in an Eclipse grid as non-neighbor connections and transmissibility 
multipliers, and/or to upscale the effect of faults into the permeability field. The simulations have been constrained by the 
interpreted seismic horizons, taking their uncertainty into account, as well as the observed horizons in the wells.   
 
Conclusion reached:  
 
1. The production of oil depends on the number of sub-seismic faults and their transmissibility. 
2. An 11% reduction in the oil production (compared to the base case) can be expected for each 100 sub-seismic faults with 
displacement 5-50 meters, if the sub-seismic faults are almost completely sealing. The effect of each sealing fault is larger for 
the large faults compared to the small. However, since the number of small faults is much higher, their overall effect is more 
significant than the effect of the larger faults. 
3. Gas production is less sensitive to sub-seismic faults than oil production. A 9% reduction (compared to the base case) for 
each 100 faults can be expected, provided the faults are completely sealing. Even the smallest transmissibility makes the sub-
seismic faults insignificant for gas production.  For gas there is no big difference in the effects of large and small faults. 
4. The variability changes dramatically with changes in the transmissibility across the faults. The spread is small when the 
faults are open, and large when they are sealing. 
5. The distribution of fault orientation (strike) has no impact on the results. 
 
Comments:  
 
This paper was useful in establishing reasonable expectations from the flow simulations on the models, of the Skrugard 
reservoir, containing sub-seismic faults within the shale layers. 
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Petroleum Geoscience, Vol. 5, p. 53-63 (1999)  
 
Fault Transmissibility Multipliers for Flow Simulation Models 
 
Authors: T. Manzocchi, J. J. Walsh, P. Nell and G. Yielding 
 
Contribution to understanding transmissibility multipliers in flow simulation models:  
 
Presentation of the methods of analytical transmissibility determination, transmissibility determination from geological input, 
and the application of transmissibilities to full-field simulation models. 
 
Objective of the paper:  
 
To discuss the second influence of faults on flow, arising from the petrophysical properties of the fault rock. 
 
Methodology used:  
 
Geological conceptualizations of fault zone structure and content are incorporated into a predictive method for calculating 
fault zone transmissibility multipliers. This method, however, is based on poorly defined empirical correlations which can only 
be improved when more data becomes available. Numerical and analytical considerations have also been made for flow 
through realistically heterogeneous faults. 
 
Conclusion reached:  
 
1. Flow through a heterogeneous fault can be approximated as a function of the harmonic average of the fault zone thickness 
and the arithmetic average of the fault zone permeability. 
2. Extreme flow segregation occurs through realistically heterogeneous faults. This flow segregation is accommodated by 
tortuous flow in the matrix. 
3. Analytical determination systematically overestimates fault transmissibility at higher fault transmissibilities and higher fault 
heterogeneities. 
4. Statistically identical faults do not necessarily have the same transmissibility even if an area larger than the REV is being 
modeled. 
 
Comments:  
 
This paper was useful in highlighting the methods for analytical and numerical transmissibility determination. The 
understanding was applied to the transmissibility determination for the shale layers in the Skrugard reservoir. 
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SPE 94460 (2005)  
 
Recent Advances in Fault Seal Analysis as an Aid to Reservoir Characterization and Production Simulation Modelling 
 
Authors: Q. J. Fisher   
 
Contribution to understanding the effect faults can have on multiphase fluid flow:  
 
Presentation of evidences that faults in the flanks of reservoirs appear to be more sealing than those in the crest, and that faults 
appear to be more transmissive in the aquifer than above the petroleum-water contact (PWC). 
 
Objective of the paper:  
 
To provide an overview of the new data that has been collected on fluid flow properties of faults, and describe how these 
results may be used for both production simulation and reservoir characterization.  
 
Methodology used:  
 
Incorporation of fault rock flow properties into production simulation models, followed by calibration of the fault rock 
database and fault seal analysis. 
 
Conclusion reached:  
 
1. Faults in the flanks of reservoirs appear to be more sealing than those in the crest. 
2. Faults appear to be more transmissive in the aquifer than above the petroleum-water contact (PWC). 
3. There are numerous examples where intrareservoir faults have had significant effect on production, but far fewer examples 
of where intrareservoir faults have sealed over geological-time. 
4. There is far more appreciation of how to interpret static and dynamic data with regards to what information it is providing 
on the effect of faults in fluid flow. 
 
Comments:  
 
This paper was useful in developing an appreciation of the importance of considering phase flow properties of faults for the 
calculation of transmissibility multipliers. 
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SPE 105375 (2007)  
 
Recent Advances in the Understanding and Incorporation of the Multiphase Fluid Flow Properties of Fault Rocks into 
Production Simulation Models 
 
Authors: Suleiman M. Al-Hinai, Quentin J. Fisher, Carlos A. Grattoni, and Simon D. Harris   
 
Contribution to understanding the effect faults can have on multiphase fluid flow:  
 
Suggestion of two alternative approaches to incorporate the multiphase flow properties of faults into production simulation 
models. 
 
Objective of the paper:  
 
To provide a review of the existing methods of incorporating the multiphase flow properties of fault rocks, into production 
simulation models, has been provided. 
 
Methodology used:  
 
The first attempts to incorporate geologically-reasonable fault properties into production simulation models involved the 
calculation of transmissibility multipliers (TM) based on the absolute permeability and thickness of fault rocks. As an 
alternative it has been suggested that pseudo-functions should be calculated to take into account the relative permeability and 
capillary pressure of fault rocks. 
 
Conclusion reached:  
 
1. Effective gas permeability in fault rocks can be over two orders of magnitude lower than undeformed sandstones, even 
when the fault rock is at irreducible water saturation. 
2. Incorporating these results into simulation models produces a history match that is much better than when treating faults 
using transmissibility multipliers. 
3. A review of the existing methods of incorporating the multi-phase flow properties of fault rocks into production simulation 
models has been provided. 
 
Comments:  
 
This paper was useful in developing an appreciation of the importance of considering phase flow properties of faults for the 
calculation of transmissibility multipliers, and understanding the existing methods to accomplish this. 
  
Modeling of Laterally Extensive Shale Restrictions to Vertical Flow in the Skrugard Reservoir VII 
SPE 110331 (2007)  
 
Flow Through Inhomogeneous Fault Zones 
 
Authors: Herald H. Soleng, Anne Randi Syversveen, Arne Skorstad, and Per Røe   
 
Contribution to understanding flow through heterogeneities in sandstone reservoirs:  
 
Comparison of the flow simulation results in a fault facies model with a model using the conventional fault representation. The 
compared results are presented in terms of water cut, oil production and gas-oil ratio (GOR). 
 
Objective of the paper:  
 
To compare the fluid flow performance of a fault facies model and a conventional fault model 
 
Methodology used:  
 
A simple diagonal tensor 1-phase permeability-upscaling algorithm in a commercial software package was applied. This 
required a careful choice of the initial grid resolution for the fault zone. The simulation results obtained were then compared 
against the conventional fault representation results. 
 
Conclusion reached:  
 
1. For water cut and gas-oil ratio, significant differences have been found between the fault facies model and conventional 
models. Not only the breakthrough times of water and gas are different, but the overall shape of the curves also varies widely. 
2. The most significant advantage of the fault facies approach is that it gives a direct and physical handle on the uncertainties 
produced by thick fault zones, and allows direct implementation of geological data from faulted rock volumes in the reservoir 
model. 
3. Upscaled models have larger cumulative oil production than the fine scale models. This is due to later water breakthrough 
and lower gas-oil ratios in the upscaled models.  
4. Highly inhomogeneous fault zones demand upscaling methods better suited to preserve the flow patterns than the method 
used in this paper. 
 
Comments:  
 
This paper was useful in developing an appreciation of the importance of modeling highly inhomogeneous faults using the 
fault facies modeling approach. However, conventional fault representation has been used for the Skrugard reservoir due to the 
nature of the problem and the petrophysical data constraints.   
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SPE 151010 (2011)  
 
Impact of Impermeable Shale Streaks on Production 
 
Authors: C.I. Uguru, H.A. Obiuwevbi, and J. Oni   
 
Contribution to understanding the impact of shale streaks, present in a sandstone reservoir, on fluid flow:  
 
Citation and discussion of examples from a brown field, with over forty years of active production, confirming that the 
presence of intra-reservoir shales, in an otherwise homogeneous reservoir, plays a key role in reservoir production 
performance.  
 
Objective of the paper:  
 
To emphasize, through specific examples, on the importance of understanding the potential impact of thin shale streaks on 
fluid flow and hydrocarbon recovery. 
 
Methodology used:  
 
Permeability prediction using genetic unit averages of Flow Zone Indicators (FZIs) and Neural Networks. A simple analytical 
model for vertical permeability prediction is used for estimating permeability ratios across perforations. 
 
Conclusion reached:  
 
1. Potential bypassed hydrocarbon can be identified by a mental application of averages of reservoir description parameters.  
2. It is vital to review the completion strategy, giving due consideration to Kv/Kh ratios across the proposed perforations, and 
thus optimizing hydrocarbon recovery. 
 
Comments:  
 
This paper was useful in understanding the significance of the potential impact of shale streaks on fluid flow and hydrocarbon 
recovery, and the consequent importance of devising a completion strategy considering the Kv/Kh ratios across perforations. 
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SPE 149690 (2012)  
 
Accurate Modeling of Faults by Multipoint, Mimetic, and Mixed Methods 
 
Authors: Halvor M. Nilsen, K. A. Lie, and Jostein R. Natvig   
 
Contribution to understanding methods of fault modeling:  
 
Proposal of a method for accurate description of faults in solvers based on a hybridized mixed or mimetic discretization, which 
also includes MPFA-O method. 
 
Objective of the paper:  
 
To present an idea for the representation of faults as internal boundaries and calculate fault transmissibilities directly instead of 
using multipliers to modify grid-dependent transmissibilities.  
 
Methodology used:  
 
The fault modeling is divided into two parts: geometrical representation and modeling of hydraulic properties. This modeling 
is dictated by two key technologies within subsurface modeling: stratigraphic grids, and discretization schemes based on two-
point flux approximations. 
 
Conclusion reached:  
 
1. The extended multipoint and mimetic discretizations were more accurate than the two-point method and exhibited 
significantly less grid orientation errors. 
2. Using lower-dimensional objects, rather than multipliers, gives a more geology driven way of representing faults, and 
combining this approach with extended multipoint and mimetic schemes. 
3. The advantage of using a consistent discretization scheme is demonstrated for sloping faults and eroded layers, and for 
areally stair-stepped faults.  
 
Comments:  
 
This paper was useful in detailing the discretization schemes used to model faults. However, conventional fault representation 
has been used for the Skrugard reservoir due to the nature of the problem and the petrophysical data constraints.   
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Appendix B: Geology 
 
 
Figure B1: Skrugard and Havis reservoirs and discovery wells. 
 
 
 
 
Figure B2: Skrugard area type log. 
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Figure B3: Structural elements in the Barents Sea. 
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Figure B4: 3D view of Skrugard and Havis base cretaceous depth map. 
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Appendix C: Rock and Fluid Properties 
 
Property Value Unit 
   
Reservoir Properties   
Porosity 0.19 – 0.25  
Permeability 500 - 1800 mD 
Vertical to Horizontal Permeability Ratio 0.1-0.18  
Rock Compressibility at 145 bars 1×10-5 1/bars 
Temperature 207 ⁰F 
Bubble Point Pressure 185.6 bars 
   
Oil Properties   
Formation Volume Factor at Pref = 185.6 bars 1.1879 rm
3/sm3 
Compressibility at Pref 6.11×10
-5 1/bars 
Viscosity at Pref 2.344 cP 
   
Water Properties   
Formation Volume Factor at Pref = 133.5 bars 1.0014 rm
3/sm3 
Compressibility at Pref 2.87×10
-5 1/bars 
Viscosity at Pref 0.9105 cP 
Viscosibility at Pref 1.15×10
-5 1/bars 
Connate Water Saturation 0.1  
Water Salinity 65,000 ppm 
   
Gas Properties   
Vaporized Gas-Oil Ratio at Pref = 185.6 bars 6.96×10
-6 sm3/sm3 
Formation Volume Factor at Pref 0.005102 rm
3/sm3 
Viscosity at Pref 0.0192 cP 
 
Table C1: Rock and fluid properties for the Skrugard reservoir. 
 
 
 
Figure C1: Relative permeability and capillary pressure plots for the Skrugard reservoir. (a) Water-oil relative permeability plot.  
(b) Gas-oil relative permeability plot. (c) Water-oil capillary pressure plot. 
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Appendix D: Transmissibility-Permeability Tables and Plots 
 
Case 2: Extended Shale Layer of 4m Thickness 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table D1: Flow simulation results for the OPH and OPL scenarios of Case 2 with water, oil, gas and all fluids contained within Model 
Sets 1 and 2. 
 
  
 
Figure D1: TM-k plots for Case 2 of: (a) the OPH scenarios with all fluids in place, and (b) the OPL scenarios with all fluids in place. 
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Shale Layer kx (mD) 
Shale kx 
(mD) 
Water - OPH Oil - OPH Gas - OPH All - OPH 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 67.22 0.000000 759.43 0.000000 41.14 0.000000 266.3645 0.000000 
0.0002 67.16 0.000000 752.10 0.000000 41.14 0.000000 257.6953 0.000000 
0.002 66.96 0.000000 729.09 0.000001 32.81 0.000000 190.0791 0.000001 
0.02 64.48 0.000012 445.76 0.000019 2.25 0.000020 79.7972 0.000008 
0.2 18.46 0.000275 67.36 0.000250 0.32 0.000230 10.1699 0.000071 
0.5 9.26 0.000600 33.12 0.000600 0.21 0.000600 5.5495 0.000160 
1.0 6.19 0.001100 21.91 0.001100 0.17 0.001080 3.8246 0.000280 
1.5 5.07 0.001730 18.05 0.001700 0.16 0.001500 3.1813 0.000380 
2.0 4.49 0.002250 15.95 0.002200 0.16 0.002000 2.8209 0.000450 
Shale kx 
(mD) 
Water - OPL Oil - OPL Gas - OPL All - OPL 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 -0.5518 0.000000 -7.8714 0.000000 0.09389 0.000000 -10.4049 0.000000 
0.0002 -0.5336 0.000000 -7.8507 0.000000 0.09386 0.000000 -10.4352 0.000000 
0.002 -0.5094 0.000000 -7.8489 0.000000 0.09425 0.000001 -10.4266 0.000000 
0.02 -0.5096 0.000011 -7.7041 0.000010 0.09523 0.00001 -4.9233 0.000005 
0.2 -0.5025 0.000110 -7.6996 0.000100 0.09541 0.000400 -1.6542 0.000037 
0.5 -0.5092 0.000610 -7.6370 0.000600 0.09547 0.000850 -1.1620 0.000064 
1.0 -0.5493 0.001010 -7.5357 0.001100 0.09566 0.001200 -0.9187 0.000110 
1.5 -0.4580 0.001430 -7.4322 0.001500 0.09583 0.001800 -0.8048 0.000190 
2.0 -0.5845 0.001850 -7.3384 0.001900 0.09604 0.002100 -0.7565 0.000300 
(a) (b) 
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Case 3: Limited Lateral Extent Shale of 1m Thickness 
 
 
 
 
 
 
 
 
 
 
 
 
Table D2: Flow simulation results for the OPH and OPL scenarios of Case 3 with water, oil, gas and all fluids in-place. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Water-OPH 
1m Extended Shale 
Water-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 0.285000 0.002900 0.001350 
0.0002 0.000000 0.0002 0.285000 0.002900 0.001350 
0.002 0.000003 0.002 0.285000 0.002930 0.001350 
0.02 0.000040 0.02 0.285000 0.002980 0.001350 
0.2 0.000635 0.2 0.293000 0.003700 0.002100 
0.5 0.001500 0.5 0.350000 0.004800 0.003200 
1.0 0.003000 1.0 0.390000 0.006200 0.005200 
1.5 0.004400 1.5 0.420000 0.008000 0.007000 
2.0 0.006000 2.0 0.560000 0.009400 0.008100 
Oil-OPH 
1m Extended Shale 
Oil-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 0.330000 0.002150 0.001100 
0.0002 0.000000 0.0002 0.330000 0.002150 0.001100 
0.002 0.000006 0.002 0.330000 0.002150 0.001100 
0.02 0.000050 0.02 0.330000 0.002220 0.001100 
0.2 0.000600 0.2 0.400000 0.003000 0.001700 
0.5 0.001500 0.5 0.450000 0.004000 0.002500 
1.0 0.002900 1.0 0.480000 0.005900 0.004100 
1.5 0.004100 1.5 0.490000 0.007000 0.005750 
2.0 0.005930 2.0 0.505000 0.008900 0.007050 
Gas-OPH 
1m Extended Shale 
Gas-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.002400 0.001250 
0.0002 0.000000 0.0002 1.000000 0.002500 0.001250 
0.002 0.000001 0.002 1.000000 0.002600 0.001250 
0.02 0.000050 0.02 1.000000 0.002700 0.001250 
0.2 0.000625 0.2 1.000000 0.003100 0.001850 
0.5 0.001300 0.5 1.000000 0.004100 0.002900 
1.0 0.002300 1.0 1.000000 0.005200 0.004100 
1.5 0.003850 1.5 1.000000 0.007300 0.006500 
2.0 0.005000 2.0 1.000000 0.009000 0.008200 
All-OPH 
1m Extended Shale 
All-OPH 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 0.149000 0.000800 0.000750 
0.0002 0.000000 0.0002 0.149000 0.000800 0.000750 
0.002 0.000002 0.002 0.149000 0.000810 0.000750 
0.02 0.000022 0.02 0.149000 0.000813 0.000760 
0.2 0.000107 0.2 0.150000 0.000816 0.000770 
0.5 0.000203 0.5 0.151000 0.000820 0.000780 
1.0 0.000360 1.0 0.152000 0.000880 0.000800 
1.5 0.000500 1.5 0.153000 0.000990 0.000840 
2.0 0.000620 2.0 0.175000 0.001150 0.000940 
Water-OPL 
1m Extended Shale 
Water-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 0.966000 0.000500 0.000000 
0.0002 0.000000 0.0002 0.966000 0.000510 0.000000 
0.002 0.000010 0.002 0.966000 0.000540 0.000000 
0.02 0.000050 0.02 0.966100 0.000600 0.000001 
0.2 0.000700 0.2 0.966200 0.000900 0.000016 
0.5 0.001200 0.5 0.966400 0.001400 0.001100 
1.0 0.002100 1.0 0.966600 0.002200 0.004100 
1.5 0.003100 1.5 0.966900 0.003200 0.005800 
2.0 0.004900 2.0 0.967500 0.004900 0.007800 
Oil-OPL 
1m Extended Shale 
Oil-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.000710 0.000150 
0.0002 0.000000 0.0002 1.000000 0.000720 0.000170 
0.002 0.000000 0.002 1.000000 0.000740 0.000235 
0.02 0.000100 0.02 1.000000 0.000780 0.000520 
0.2 0.000710 0.2 1.000000 0.001100 0.000840 
0.5 0.001300 0.5 1.000000 0.001600 0.001500 
1.0 0.002200 1.0 1.000000 0.002300 0.002700 
1.5 0.003300 1.5 1.000000 0.003300 0.003750 
2.0 0.005000 2.0 1.000000 0.005000 0.004700 
Gas-OPL 
1m Extended Shale 
Gas-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.000030 0.000100 
0.0002 0.000000 0.0002 1.000000 0.000030 0.000100 
0.002 0.000001 0.002 1.000000 0.000080 0.001200 
0.02 0.000100 0.02 1.000000 0.000200 0.003100 
0.2 0.000800 0.2 1.000000 0.000400 0.005900 
0.5 0.001200 0.5 1.000000 0.001200 0.006100 
1.0 0.002300 1.0 1.000000 0.002700 0.006300 
1.5 0.004000 1.5 1.000000 0.003900 0.006500 
2.0 0.005000 2.0 1.000000 0.005100 0.010000 
All-OPL 
1m Extended Shale 
All-OPL 
1m Limited Shale 
Shale kx 
(mD) 
Block 25 
TM 
Shale kx 
(mD) 
Block 1 
TM 
Block 25 
TM 
Block 50 
TM 
0.00002 0.000000 0.00002 1.000000 0.000990 0.001400 
0.0002 0.000000 0.0002 1.000000 0.001000 0.001400 
0.002 0.000000 0.002 1.000000 0.001030 0.001400 
0.02 0.000003 0.02 1.000000 0.001070 0.001420 
0.2 0.000019 0.2 1.000000 0.001090 0.001450 
0.5 0.000039 0.5 1.000000 0.001120 0.001500 
1.0 0.000070 1.0 1.000000 0.001150 0.002000 
1.5 0.000120 1.5 1.000000 0.001300 0.002300 
2.0 0.000450 2.0 1.000000 0.001750 0.002500 
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Figure D2: TM-k plots for Case 3, 1m laterally extended shale versus 1m laterally limited shale. (a) OPH scenarios with all 
fluids in place for 1m laterally extended shale versus 1m laterally limited shale. (b) OPL scenarios with all fluids in place for 1m 
laterally extended shale versus 1m laterally limited shale. (c) Block 25 and 50 TMs for Case 3, and the Block 25 TMs for Case 1 
of the OPH scenarios with all fluids in-place. (d) Block 25 and 50 TMs for Case 3 and the Block 25 TMs for Case 1 of the OPL 
scenarios with all fluids in-place. 
 
Case 4: Shale Layer of 1m Thickness with Random Sand Openings 
 
 
Shale kx 
(mD) 
Water - OPH Oil - OPH Gas - OPH All - OPH 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 2.0409 0.013000 7.619 0.014000 0.0917 0.012500 0.9864 0.012000 
0.0002 2.0430 0.013100 7.618 0.014100 0.0917 0.012500 0.9840 0.012100 
0.002 2.0413 0.013200 7.620 0.014200 0.0917 0.012600 0.9859 0.012200 
0.02 2.0374 0.013400 7.606 0.014500 0.0917 0.013000 0.9817 0.012600 
0.2 2.0028 0.013900 7.438 0.015500 0.0912 0.014500 0.9811 0.013000 
0.5 1.9476 0.016000 7.209 0.017000 0.0906 0.017000 0.9783 0.013400 
1.0 1.8736 0.018500 6.896 0.018500 0.0897 0.018500 0.9746 0.013800 
1.5 1.8127 0.020000 6.607 0.020000 0.0889 0.019500 0.9650 0.014300 
2.0 1.7593 0.021000 6.357 0.021500 0.0882 0.021000 0.9558 0.015500 
Shale kx 
(mD) 
Water - OPL Oil - OPL Gas - OPL All - OPL 
ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM ΔP (bars) TM 
0.00002 -0.3639 0.018500 -5.1998 0.018000 0.0629 0.018000 -0.6124 0.014000 
0.0002 -0.3639 0.018500 -5.2010 0.018100 0.0629 0.018100 -0.6099 0.014100 
0.002 -0.3620 0.018600 -5.1994 0.018200 0.0629 0.018200 -0.6090 0.014300 
0.02 -0.3618 0.018700 -5.2003 0.018300 0.0629 0.018800 -0.6094 0.014600 
0.2 -0.3550 0.019300 -5.1495 0.018500 0.0630 0.019400 -0.6103 0.015000 
0.5 -0.3432 0.019600 -5.0703 0.019300 0.0631 0.019900 -0.6094 0.015400 
1.0 -0.3206 0.020000 -4.9461 0.020100 0.0634 0.020700 -0.6073 0.016000 
1.5 -0.3015 0.020800 -4.8227 0.021300 0.0636 0.021300 -0.6002 0.016500 
2.0 -0.2836 0.021300 -4.7116 0.022500 0.0638 0.023000 -0.5904 0.016800 
 
Table D3: Flow simulation results for the OPH and OPL scenarios of Case 4 with water, oil, gas and all fluids contained 
within Model Sets 1 and 2.
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Figure D3: TM-k plots for Case 4 of: (a) the OPH scenarios with all fluids in place, and (b) the OPL scenarios with all fluids in place. 
 
 
Case 5: Shale Layer of 1m Thickness with Different Sub-seismic Fault Implementations (Fault Throw = 2m). 
 
Water-OPH 
1m Extended Shale 
Water-OPH 
1m Faulted Shale 
Fault at X=10 Fault at X=10 & 25 Fault at X=10, 25 & 40 Fault at X=10 & 40 Fault at X=25 
Shale 
kx 
(mD) 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
0.00002 66.83 0.000000 16.46 0.000197 8.12 0.000488 6.28 0.000700 9.33 0.000400 13.17 0.000270 
0.0002 66.72 0.000000 16.42 0.000200 8.11 0.000490 6.28 0.000702 9.32 0.000402 13.14 0.000272 
0.002 65.90 0.000003 16.02 0.000204 8.02 0.000500 6.24 0.000710 9.23 0.000410 12.85 0.000278 
0.02 41.05 0.000040 12.94 0.000270 7.34 0.000560 5.93 0.000760 8.44 0.000470 10.60 0.000340 
0.2 6.61 0.000635 5.81 0.000800 4.65 0.001200 4.38 0.001300 5.28 0.000930 5.08 0.001000 
0.5 4.19 0.001500 4.06 0.001700 3.56 0.002200 3.51 0.002300 3.96 0.001750 3.66 0.002100 
1.0 3.27 0.003000 3.24 0.003000 2.95 0.004100 2.95 0.004070 3.21 0.003050 2.98 0.004000 
1.5 2.88 0.004400 2.86 0.004500 2.65 0.006000 2.66 0.006000 2.86 0.004500 2.67 0.005900 
2.0 2.64 0.006000 2.64 0.006000 2.46 0.007700 2.47 0.007500 2.63 0.006100 2.47 0.007500 
 
Water-OPH 
1m Extended Shale 
Water-OPH 
1m Faulted Shale 
Fault at Y=10 Fault at Y=10 & 25 Fault at Y=10, 25 & 40 Fault at Y=10 & 40 Fault at Y=25 
Shale 
kx 
(mD) 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
ΔP 
(bars) 
TM 
0.00002 66.83 0.000000 16.48 0.000196 8.20 0.000490 6.28 0.000700 9.32 0.000400 13.28 0.000270 
0.0002 66.72 0.000000 16.44 0.000198 8.18 0.000494 6.28 0.000702 9.32 0.000402 13.25 0.000272 
0.002 65.90 0.000003 16.04 0.000202 8.10 0.000500 6.24 0.000704 9.22 0.000406 12.95 0.000279 
0.02 41.05 0.000040 12.96 0.000270 7.38 0.000550 5.93 0.000740 8.43 0.000460 10.67 0.000335 
0.2 6.61 0.000635 5.82 0.000790 4.69 0.001500 4.38 0.001300 5.27 0.000920 5.11 0.001000 
0.5 4.19 0.001500 4.06 0.001700 3.59 0.002200 3.51 0.002350 3.96 0.001750 3.67 0.002070 
1.0 3.27 0.003000 3.24 0.003000 2.97 0.004000 2.95 0.004000 3.21 0.003070 2.98 0.003950 
1.5 2.88 0.004400 2.87 0.004500 2.67 0.005900 2.66 0.005900 2.86 0.004600 2.67 0.005900 
2.0 2.64 0.006000 2.63 0.006000 2.47 0.007400 2.47 0.007350 2.63 0.006000 2.47 0.007300 
 
Table D4: Flow simulation results for the OPH scenario of Case 5, with water as the fluid contained within Model Sets 1 and 2. 
The results shown are for the different sub-seismic fault implementations along the x-axis and y-axis. 
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